In the mature CNS, neurons receive inhibitory synaptic inputs from GABAergic interneurons and excitatory inputs from glutamatergic neurons. GABA-mediated synaptic transmission regulates neural network development and controls neuronal integration [1] [2] [3] . A proper balance between excitatory and inhibitory synapses is crucial for the normal function of networks for sensory information and cognitive processing 4, 5 . Neuropsychiatric disorders, such as autism, schizophrenia and Tourette's syndrome, and neurological disorders, such as epilepsy, are accompanied by an imbalance between excitatory and inhibitory synapses, an imbalance that is thought to be a fundamental etiology of these disorders [5] [6] [7] [8] [9] . Thus, it is important to understand the molecular mechanisms underlying the development of both GABAergic inhibitory synapses and glutamatergic excitatory synapses.
a r t I C l e S
RESULTS

Slitrk3 induces inhibitory presynaptic differentiation
We recently reported that Slitrk2, one of six Slitrk family members, acts to induce presynaptic differentiation in neuron-fibroblast coculture 18 . Thus, we first tested whether all of the members of the Slitrk family induce presynaptic differentiation. To address whether each Slitrk protein induces both excitatory and inhibitory presynaptic differentiation, we quantified the clustering of the vesicular GABA transporter VGAT, an inhibitory presynaptic marker, and the vesicular glutamate transporter VGLUT1, an excitatory presynaptic marker, on axons contacting COS cells expressing extracellular HA-tagged Slitrk proteins ( Fig. 1a-d) . All Slitrk family members had synaptogenic activity compared with negative control HA-tagged CD4 (Fig. 1d) . Slitrk2 induced the clustering of both VGAT and VGLUT1 as efficiently as neuroligin-2, the most potent of the neuroligins (Fig. 1b,d) . Notably, unlike any other known synaptogenic adhesion molecule, Slitrk3 induced clustering of VGAT, but not of VGLUT1, in co-culture (Fig. 1a,d ). This result suggests that Slitrk3 may function specifically at inhibitory synapses.
All of the Slitrk proteins increased axon adhesion to COS cells, although the less than threefold increase in axon adhesion ( Supplementary Fig. 1 ) was not sufficient to account for the large increase in presynaptic differentiation (Fig. 1d) . The effect of Slitrk3 on axon adhesion was weaker than that of the other Slitrk proteins, despite good cell-surface expression (Supplementary Fig. 1 ). Considering that >90% of the neurons, and thus axons, in these cultures were glutamatergic 33 , this finding is consistent with the idea that Slitrk3 may mediate adhesion only to GABAergic axons.
Slitrk3 also induced the clustering of the GABA synthetic enzyme glutamic acid decarboxylase GAD65 (Supplementary Fig. 1 ), the vesicle protein synaptophysin and the active zone protein bassoon (data not shown). Furthermore, Slitrk3 induced uptake of antibodies to the luminal domains of VGAT (Fig. 1e,f) and synaptotagmin I (SynTag; Fig. 1f and Supplementary Fig. 1 ), which are accessible on the neuronal surface only during active recycling of synaptic vesicles. Together, these data indicate that Slitrk3 selectively induces the differentiation of functional inhibitory presynaptic terminals.
Slitrk3 localizes to inhibitory postsynaptic sites
We next investigated the subcellular localization of Slitrk3. Because of the lack of Slitrk3 antibodies available for immunocytochemistry, we determined the localization of extracellular yellow fluorescent protein (YFP)-tagged Slitrk3 in transfected cultured hippocampal neurons with low-level expression (Fig. 2) . The expression of YFP-Slitrk3 for the localization analysis did not alter the number of inhibitory or excitatory synapses (Supplementary Fig. 2 ). Fluorescent signals from YFP-Slitrk3 were detected in a punctate pattern on dendrites at 15 d in vitro (DIV; Fig. 2) . A majority of YFP-Slitrk3 puncta colocalized well with clusters of the inhibitory postsynaptic scaffold gephyrin apposed to VGAT (Fig. 2a) and with GABA receptor γ2 clusters apposed to VGAT (Fig. 2b) , but hardly colocalized with the excitatory postsynaptic scaffold PSD-95 or VGLUT1 (Fig. 2c,d) . The presence of YFP-Slitrk3 puncta in dendrites, but not axons, of transfected neurons revealed postsynaptic, but not presynaptic, accumulation ( Supplementary Fig. 3) .
In quantitative analysis, a majority of VGAT clusters (78.1 ± 3.1%) apposed to YFP-Slitrk3-expressing neurons overlapped with YFPSlitrk3 puncta, whereas a minority of VGLUT1 (5.2 ± 0.8%) apposed to the same neurons overlapped with YFP-Slitrk3 clusters (Fig. 2e) . Conversely, a majority of YFP-Slitrk3 clusters (84.7 ± 2.1%) overlapped with VGAT clusters, whereas a minority of YFP-Slitrk3 (6.3 ± 1.0%) overlapped with VGLUT1 clusters (Fig. 2e,f) . Furthermore, 
80.6 ± 2.1% of YFP-Slitrk3 clusters overlapped with gephyrin apposed to VGAT (Fig. 2a,f) . These data support the notion that Slitrk3 preferentially localizes to inhibitory postsynaptic sites.
Knockdown of Slitrk3 reduces inhibitory synapse number
We next used RNA interference to test whether endogenous Slitrk3 is required for inhibitory synapse development in hippocampal neurons. Two independent short-hairpin RNA (shRNA) constructs for knockdown of Slitrk3,
We performed immunohistochemistry for the inhibitory presynaptic marker GAD67 on sagittal brain sections from Slitrk3 -/-mice (Fig. 4d) . Notably, Slitrk3 -/-mice had a marked decrease in immunoreactivity for GAD67 in the middle layer of CA1 stratum pyramidale. We further investigated inhibitory synapse number in Slitrk3 -/-mice by quantifying the immunofluorescent signals of another inhibitory presynaptic marker GAD65 in coronal sections of hippocampal brain regions (Fig. 4e) . Similar to the decrease in GAD67, GAD65 immunoreactivity was also decreased in the middle layer of CA1 stratum pyramidale in Slitrk3 -/-compared with wild-type (Slitrk3 +/+ ) mice. In high-magnification images, GAD65, but not VGLUT1, expression also appeared to be diminished in CA1 stratum radiatum of the hippocampus from Slitrk3 -/-mice (Fig. 4f) . Considering the apparently sh-Slitrk3#1 and sh-Slitrk3#2, reduced the expression of recombinant Slitrk3 to <17% of control levels in HEK cells and reduced the levels of endogenous Slitrk3 in cultured neurons ( Supplementary Fig. 4) .
Knockdown of Slitrk3 in cultured hippocampal neurons by either sh-Slitrk3#1 or sh-Slitrk3#2 reduced inhibitory synapse density (P < 0.001), as assessed by VGAT-positive gephyrin clusters compared with neurons transfected with control shRNA (Fig. 3a,b) . Knockdown of Slitrk3 by the two shRNA vectors had no significant effect on the density of excitatory synapses (P = 0.13), as assessed by VGLUT1-positive PSD95 clusters (Fig. 3c,d) . The reduction of VGAT-positive gephyrin cluster density by sh-Slitrk3#1 was fully rescued by expression of an HA-tagged Slitrk3 protein (HA-Slitrk3*) with silent mutations resistant to RNA knockdown by sh-Slitrk3#1 (Fig. 3a,b) . These data indicate that endogenous Slitrk3 is selectively required for inhibitory synapse development in cultured hippocampal neurons.
Reduced inhibitory synapse density in Slitrk3 -/-mice To address the involvement of endogenous Slitrk3 in inhibitory synapse development in vivo, we generated Slitrk3-deficient (Slitrk3 -/-) mice by gene targeting (Fig. 4a,b) . The single protein-coding exon of Slitrk3 (exon 2) was replaced by the neo cassette. Complete loss of Slitrk3 protein was confirmed by western blot from frontal cortex and hippocampus of adult Slitrk3 -/-mice (Fig. 4c) . Slitrk3 -/-mice exhibited no obvious defects in gross brain morphology (Supplementary Fig. 5 ). npg a r t I C l e S spared GAD65 at the edges of stratum pyramidale, we examined whether there was a redistribution of GAD65-immunoreactive terminals or an overall loss. The total area of GAD65 clusters was significantly decreased overall in stratum pyramidale of Slitrk3 -/-mice (P < 0.001), selectively decreased in the middle sublayer of stratum pyramidale, and was not changed in the superficial and deep sublayers, as compared with wild-type mice (Fig. 4g) . There was no difference between genotypes in the density of DAPI-positive nuclei (wild type, 57.4 ± 2.4 cells per 5,000 µm 2 ; Slitrk3 -/-, 58.2 ± 2.9 cells per 5,000 µm 2 ; Mann-Whitney's U test, P = 0.73). The total area of GAD65 clusters was also decreased in stratum radiatum of Slitrk3 -/-mice (P < 0.001), although there was no difference in the total area of VGLUT1 clusters between Slitrk3 -/-and wild-type mice (Fig. 4h) . Thus, there was a selective loss of GAD65 in specific hippocampal laminae. These data indicate that endogenous Slitrk3 is involved in inhibitory synapse development in vivo.
Reduced inhibitory transmission at Slitrk3 -/-synapses Next, we tested whether Slitrk3 is important specifically for the development of functional inhibitory synapses in vivo. We performed whole-cell recordings on CA1 pyramidal neurons in acute hippocampal slices from Slitrk3 -/-mice and wild-type littermates to measure spontaneous miniature inhibitory postsynaptic currents (mIPSCs) and spontaneous miniature excitatory postsynaptic currents (mEPSCs).
In Slitrk3 -/-mice, mIPSC frequency, but not amplitude, was significantly decreased (corresponding to an increased inter-event interval) compared with wild-type mice (P < 0.001; Fig. 5a-c) . On the other hand, mEPSCs from Slitrk3 -/-mice were comparable to those from wildtype mice in frequency and amplitude ( Fig. 5d-f ), indicating that Slitrk3 is not essential for the development of functional excitatory synapses. Together with selective reductions of inhibitory presynaptic markers in Slitrk3 -/-mice ( Fig. 4d-h ), these data indicate that Slitrk3 is important for regulating the number of functional inhibitory synapses in vivo.
Epileptic seizures in Slitrk3 -/-mice A reduction of functional inhibitory synapses in hippocampus may cause various neurological disorders, particularly epilepsy 9 . We examined the effect of Slitrk3 deficiency on seizure susceptibility by intraperitoneal administration of the chemoconvulsant pentylenetetrazol (PTZ, a GABA receptor antagonist, 50 mg per kg of body weight) to Slitrk3 +/+ , Slitrk3 +/-and Slitrk3 -/-mice. The severity of PTZ-induced convulsive seizures was assessed by a scoring scale from 0 (no abnormal behavior) to 5 (death). PTZ-induced seizure severity was significantly increased in Slitrk3 -/-mice compared with wild-type mice (P < 0.05; Fig. 6a ). The average seizure score for 4-10 min after PTZ administration was about twofold higher in Slitrk3 -/-mice (3.8 ± 0.3, P < 0.05) and about 1.5-fold higher in Slitrk3 +/-mice (3.2 ± 0.6, P > 0.05) than in wild-type mice (2.0 ± 0.3) (Fig. 6b) . These data indicate that Slitrk3 deficiency increases seizure susceptibility in a gene dosage-dependent manner.
During routine handling, occasional spontaneous seizures were observed in Slitrk3 -/-mice, characterized by sudden stillness, abnormal head movement and/or clonus of the forelimbs. Similar seizure behaviors were never observed in wild-type littermates. 
a r t I C l e S
We performed electroencephalogram (EEG) monitoring with simultaneous video recording to detect spontaneous seizures in Slitrk3 -/-mice in the absence of convulsant ( Fig. 6c-f ). Epileptiform activity was never observed either electrographically or behaviorally in three wild-type mice (Fig. 6c) . In contrast, EEG and video monitoring confirmed the occurrence of spontaneous electrographic epileptiform activity associated with generalized behavioral seizures in two of three Slitrk3 -/-mice ( Fig. 6e) and subclinical electrographical seizures in the third. Frequent interictal sharp waves were also observed in Slitrk3 -/-mice (average of 88.5 waves per hour; Fig. 6f ), as compared with only a few sharp waves in wild-type mice (0-3 per hour). Together, these data suggest that the loss of Slitrk3 enhances seizure susceptibility and can lead to spontaneous seizures as a result of the selective decrease in the number of functional inhibitory synapses.
Slitrk3 binds to PTPd
We then addressed the molecular mechanisms by which Slitrk3 promotes inhibitory synapse development. Slitrk3 in COS cells induces presynaptic differentiation, presumably through trans-interaction with a presynaptic receptor on contacting axons. To identify the presynaptic receptor, we screened a range of candidate proteins, including neurexins, NCAM, CHL1, neurofascin, LAR, TrkB, Casprs and the Slitrk proteins, expressed in COS cells in a binding assay using soluble purified Slitrk3 ectodomain fused to the Fc region of human immunoglobulin (Slitrk3-Fc; Fig. 7a,b) . Only one candidate bound to Slitrk3-Fc, the protein tyrosine phosphatase receptor PTPδ. Application of increasing amounts of Slitrk3-Fc to PTPδ-expressing COS cells revealed saturable binding (Fig. 7c) . According to Scatchard analysis, the apparent dissociation constant (k d ) value was 58.6 ± 7.9 nM, which lies in the typical nanomolar range for biologically relevant npg a r t I C l e S ligand-receptor interactions. Slitrk3-Fc still bound to PTPδ in nominally calcium-free buffer containing 10 mM EGTA, suggesting that the interaction is Ca 2+ independent (Supplementary Fig. 6 ). We then tested whether soluble purified PTPδ ectodomain fused to Fc (PTPδ-Fc) bound to Slitrk3 and to the other Slitrk isoforms. PTPδ-Fc bound to all of the Slitrk isoforms ( Fig. 7d and Supplementary  Fig. 7 ). These findings suggest that the Slitrk3 extracellular region binds with high affinity to PTPδ and that PTPδ is a candidate for the presynaptic functional receptor through which Slitrk3 and the other Slitrk isoforms induce inhibitory presynaptic differentiation.
Slitrk3 trans-synaptically interacts with axonal PTPd
We next assessed the subcellular localization of PTPδ. Because there is no PTPδ antibody available for immunocytochemistry, we determined the localization of extracellular YFP-tagged PTPδ in transfected cultured hippocampal neurons with low-level expression. In transfected aspiny neurons at 15 DIV, we detected fluorescent signals from YFP-PTPδ in a punctate pattern on axons and in a diffuse pattern in cell soma, but not in any dendritic regions (Fig. 7e,f) . YFP-PTPδ puncta Insets in e and f display the mean ± s.e.m. frequency and amplitude, respectively (Kolmogorov-Smirnov test, P = 0.09 for inter-event interval and P = 0.25 for amplitude; Mann-Whitney's U test, P = 0.62 for frequency and P = 0.78 for amplitude; n = 10 neurons from four mice for wild-type and n = 11 neurons from five mice for Slitrk3 -/-). npg a r t I C l e S in axons specifically localized at the contact sites of transfected axons with dendrites of nearby untransfected neurons and colocalized with VGAT clusters (Fig. 7f) . These findings indicate that PTPδ localizes to presynaptic sites in GABAergic aspiny neurons. We asked whether Slitrk3 induces the clustering of axonal PTPδ with VGAT by trans-interaction. We co-cultured COS cells expressing Slitrk3-cyan fluorescent protein (CFP) or Amigo-CFP with hippocampal neurons that were co-transfected with YFP-PTPδ and mCherry. COS cells expressing Slitrk3-CFP significantly induced clustering of YFP-PTPδ colocalized with VGAT clusters on the contacting axons of the transfected aspiny neurons (total integrated intensity of YFP-PTPδ per transfected COS cell axon contact area: Slitrk3-CFP, 13,416 ± 2,074 arbitrary units per µm 2 , n = 15; Amigo-CFP, 75 ± 48 arbitrary units per µm 2 , n = 18; Mann-Whitney's U test, P < 0.0001; Fig. 7g ). These data suggest that Slitrk3 induces inhibitory presynaptic differentiation through trans-synaptic interaction with axonal PTPδ. Furthermore, we confirmed that HA-PTPδ expressed in GABAergic axons and YFP-Slitrk3 expressed in the target neuron were co-accumulated at inhibitory synaptic contact sites between the GABAergic axons and their target neuron (Supplementary Fig. 8 ), supporting the idea that there are trans-synaptic interactions between Slitrk3 and PTPδ at inhibitory synapses.
Slitrk3 induces presynaptic differentiation through PTPd
We then examined whether PTPδ is required for inhibitory presynaptic differentiation induced by Slitrk3. We co-cultured COS cells expressing either Slitrk3-YFP, Amigo-YFP or YFP-neuroligin-2 with hippocampal neurons transfected at high (~60%) efficiency with vectors expressing either control shRNA or an shRNA construct for knockdown of PTPδ (sh-PTPδ) 34 (Fig. 8a,b) . COS cells expressing Slitrk3 induced little or no VGAT clustering on contacting axons of neurons expressing sh-PTPδ, although Slitrk3 induced VGAT clustering on contacting axons of control neurons expressing control shRNA (Fig. 8a,c) or PTPδ scrambled shRNA, another negative control (Supplementary Fig. 9 ). In contrast, COS cells expressing YFP-neuroligin-2, which functions via the presynaptic receptor neurexin, induced VGAT clustering on contacting axons of both control and sh-PTPδ-expressing neurons with essentially the same efficiency (Fig. 8b,c) . The selective effects of PTPδ knockdown on synaptogenic activity of Slitrk3, but not of neuroligin-2, suggest that the phenotype of PTPδ knockdown is not likely to be a result of potential off-target effects of RNA interference. Taken together, these data indicate that Slitrk3 requires trans-synaptic interaction with axonal PTPδ to induce inhibitory presynaptic differentiation.
We further tested whether Slitrk2, another representative isoform, induces the clustering of axonal PTPδ with VGAT by trans-interaction and requires PTPδ for inhibitory presynaptic differentiation. When hippocampal neurons expressing YFP-PTPδ and mCherry were co-cultured with COS cells, COS cells expressing Slitrk2-CFP induced clustering of YFP-PTPδ colocalized with VGAT clusters on the contacting axons (Supplementary Fig. 10 ). Slitrk2 induced little or no VGAT clustering on contacting axons of sh-PTPδ-expressing neurons, although Slitrk2 induced VGAT clustering on contacting axons of control neurons (P < 0.001; Supplementary  Fig. 11a,b) . Notably, Slitrk2 induced VGLUT1 clustering on contacting axons of sh-PTPδ-expressing neurons similar to control Fig. 11c,d ). These data suggest that Slitrk2 requires trans-interaction with axonal PTPδ specifically for inhibitory presynaptic differentiation and predict the existence of different presynaptic receptors of Slitrk2 for excitatory presynaptic differentiation.
DISCUSSION
Here, we identified Slitrk3 as a synaptogenic molecule that is selectively responsible for inhibitory synapse development. Furthermore, we identified PTPδ as the high-affinity presynaptic functional receptor of Slitrk3. Slitrk3 that was presented to axons induced inhibitory presynaptic differentiation via trans-binding to axonal PTPδ. Recombinant Slitrk3 localized to inhibitory postsynaptic sites in hippocampal neurons, and recombinant PTPδ localized to inhibitory presynaptic sites in aspiny GABAergic hippocampal neurons. Our in vitro Slitrk3 knockdown results and in vivo morphological and electrophysiological analyses of Slitrk3 -/-mice indicate that endogenous Slitrk3 is involved in regulating the number of functional inhibitory, but not excitatory, synapses. In addition, Slitrk3 deficiency caused increased susceptibility to PTZ-induced generalized seizures and led to occasional spontaneous behavioral and electrographical seizures. We propose that the trans-synaptic interaction between postsynaptic Slitrk3 and presynaptic PTPδ is a unique adhesion and differentiation mechanism that selectively organizes inhibitory synapse development. Our most important finding is the identification of Slitrk3 as a postsynaptic adhesion molecule that selectively organizes inhibitory presynaptic terminals. Among many known synaptogenic adhesion molecules 10, 11, 13, 14, [16] [17] [18] 20, 21, 35 , including the neuroligin, NGL, LRRTM, EphB and SALM families, and TrkC, only neuroligin-2 preferentially regulates inhibitory synapse development 25, 36 . Studies of Nlgn2 -/-mice suggest that neuroligin-2 controls postsynaptic function at a subset of inhibitory synapses. In cortex, response amplitude measured specifically from fast-spiking interneurons was reduced in the absence of neuroligin-2, with no change in the unitary response frequency or density of the corresponding presynaptic terminals 24 . In the hippocampal CA1 and dentate gyrus regions, perisomatic inhibitory synapses were selectively affected, with reduced transmission and loss of postsynaptic gephyrin, but with no change in presynaptic VGAT clusters 25, 37 . We observed reduced inhibitory synaptic transmission and a major loss of GAD65-and GAD67-positive presynaptic terminals in Slitrk3 -/-mice in specific hippocampal CA1 laminae, including the central region of CA1 stratum pyramidale (Figs. 4  and 5) . Taken together, these data suggest that Slitrk3 and neuroligin-2 cooperatively regulate inhibitory synapse development at perisomatic CA1 synapses.
At hippocampal dendritic inhibitory synapses, although Nlgn2 -/-neurons did not show substantial defects 25, 37 , the loss of Slitrk3 affected inhibitory synapse development. Slitrk3 knockdown in hippocampal culture diminished apposed VGAT-gephyrin clusters on dendrites (Fig. 3) , and Slitrk3 -/-mice exhibited reduced GAD65 clustering in CA1 stratum radiatum (Fig. 4) . Thus, Slitrk3 is perhaps the best candidate for triggering the differentiation of axondendrite physical contact sites into an inhibitory synapse. Secreted synaptogenic factors may also cooperate at some synapses; a recent study found that FGF7 selectively regulates inhibitory presynaptic differentiation in the hippocampal CA3, but not CA1, region 38 . Further work will be required to catalog all of the inhibitory synapses at which Slitrk3 functions and to understand the basis for lamina-selective effects, including the sparing of inhibitory terminals at the edges of CA1 stratum pyramidale in Slitrk3 -/-mice.
Our findings suggest that PTPδ is the functional presynaptic receptor by which Slitrk3 induces inhibitory presynaptic differentiation (Figs. 7 and 8) . We previously found 21 that PTPσ is the functional presynaptic receptor by which TrkC induces only excitatory presynaptic differentiation. NGL-3, which functions specifically in excitatory synapse development 20 , binds to LAR, PTPσ and PTPδ 35 . Notably, recent studies have found that a mental retardation-associated protein, IL1RAPL1, triggers excitatory, but not inhibitory, presynaptic differentiation via trans-interaction with PTPδ 39, 40 . Collectively, these studies suggest that PTPδ, PTPσ and LAR are important synaptic organizing proteins, but also raise puzzling questions. In particular, how can Slitrk3-PTPδ function selectively in inhibitory synaptic development and ILRAPL1-PTPδ in excitatory synaptic npg a r t I C l e S development? PTPδ contains three short alternatively spliced exons in its Ig-like domains, and splicing of these exons at the meA and meB sites controls its interaction with ILRAPL1 in a complicated manner 39 . The PTPδ isoform that we used contains the full meA and meB inserts and can interact with ILRAPL1 39 , indicating that at least one major isoform of PTPδ can interact with both Slitrk3 and ILRAPL1, although perhaps with different affinity. Thus, it is possible that differential splicing of PTPδ in GABAegic versus glutamatergic axons contributes to selectivity in partner binding and function, similar to splicing at the S4 site in neurexins 10, 41 . It will be important to determine the neuron type-specific splicing patterns of PTPδ. Additional mechanisms for specificity may also be required; for example, glutamatergic axons may express Slitrk3 synaptogenic suppressors and/or Slitrk3 may require an additional presynaptic co-receptor for inhibitory presynaptic differentiation.
Another important finding in this study is the role of Slitrk3 in normal functional inhibitory transmission. In Slitrk3 -/-mice, mIPSC frequency, but not amplitude, was reduced, and mEPSCs were normal in hippocampal CA1 neurons. Together with the reduced area of immunofluorescence for GAD65, these data suggest loss of a subset of functional inhibitory synapses onto CA1 neurons. Slitrk3 is widely expressed, including by hippocampal CA3 and dentate granule cells, olfactory mitral and granular cells, cerebellar Purkinje cells and multiple cortical layers 42 . The enhanced susceptibility of Slitrk3 -/-mice to generalized PTZ-induced seizure, spontaneous epileptiform activity and frequent sharp waves detected by EEG may reflect a role of Slitrk3 in development of inhibitory synapses in multiple brain regions.
Slitrk family members have differential, but overlapping, expression patterns in the CNS 42 , and all Slitrk family members have synaptogenic activity with distinct properties (Fig. 1) . All Slitrks can interact with PTPδ (Fig. 7d) , and we suggest that this interaction mediates induction of inhibitory presynaptic differentiation, as shown here for Slitrk3 (Figs. 7 and 8) and Slitrk2 (Supplementary Figs. 10  and 11) . However, excitatory presynaptic induction by Slitrk2, and presumably by other Slitrks, apparently involves a distinct presynaptic binding partner, which has not yet been identified. The findings that Slitrk5 -/-mice have impaired corticostriatal synaptic transmission with altered postsynaptic composition of glutamate receptors 32 and that Slitrk1 -/-mice have elevated anxiety-like behavior 31 support the idea that multiple Slitrk family members may participate in inhibitory and/or excitatory synapse development. Ptprd -/-mice lacking PTPδ exhibit impaired spatial learning and enhanced long-term potentiation 43 , supporting the idea that PTPδ also regulates synapse development and function, although perhaps in a complex manner.
Together with our results, accumulating evidence for a role of synaptic organizing genes in cognitive disorders 41, 44 suggest that further assessment of Slitrks and PtPrD in neuropsychiatric disorders may be warranted. Indeed, PtPrD is associated with restless legs syndrome 45 , four independent deletions have been found in individuals with attention-deficit hyperactivity disorder 46 and a de novo deletion was found in an individual with autism 47 . Furthermore, multiple reports link Slitrk1 to obsessive compulsive spectrum disorders 27, 28 , and altered expression of microRNA specific for Slitrk3 was recently found in autistic individuals 48 . In particular, considering the seizure susceptibility in Slitrk3 -/-mice, resequencing of Slitrk3 in the fraction of individuals with autism spectrum disorder and associated epilepsy may prove informative. More comprehensive behavioral and electrophysiological analyses of Slitrk3 -/-and Ptprd -/-mice will also help to define the precise role of this synaptic organizing complex in inhibitory synaptic transmission and cognitive function.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
Production of soluble Slitrk3-Fc protein and binding assays. On the basis of previously described methods 21 , soluble Slitrk3 ectodomain fused to Fc (Slitrk3-Fc), PTPδ ectodomain fused to Fc (PTPδ-Fc) and Fc as a negative control were generated using stable HEK-293 cell lines transfected with the corresponding expression vectors with Zeocin-resistant cassettes and purified from culture media. Cell culture images were acquired on a Zeiss Axioplan2 microscope with a 40× 1.3 numerical aperture (NA) oil objective or a 63× 1.4 NA oil objective and Photometrics Sensys cooled CCD camera using Metamorph imaging software (Molecular Devices) and customized filter sets. Controls lacking specific antibodies confirmed no detectable bleed-through between channels AMCA, CFP, YFP or Alexa 488 (imaged through a YFP filter set), mCherry or Alexa 568, and Alexa 647. Images were acquired as 12-bit grayscale and prepared for presentation using Adobe Photoshop. For quantification, sets of cells were stained simultaneously and imaged with identical settings.
For co-cultures with HA-Slitrks, fields for imaging were chosen only by the surface HA and phase contrast channels, for the presence of HA-positive COS cells in a neurite-rich region. The fluorescent channels of presynaptic markers were thresholded and the total intensity of puncta in all regions positive for both surface HA (labeling transfected COS cells) and dephospho-tau (labeling axons), but negative for MAP2 (labeling dendrites), was measured. For co-cultures with PTPδ-knockdown neurons, total intensity of VGAT puncta in all regions positive for both YFP (labeling transfected COS cells) and CFP-overlapping tau (labeling transfected axons), but negative for MAP2, was measured.
For the quantitative analysis of YFP-Slitrk3 localization, we chose one or two dendrites per YFP-Slitrk3-expressing neuron. The YFP-Slitrk3 and synaptic marker channels were separately thresholded and confirmed visually to select appropriate clusters following a minimal size cut-off. To define apposed objects, thresholded clusters from VGAT or VGLUT1 channels were dilated by two pixels and compared for pixel overlap with thresholded clusters from the YFPSlitrk3 channel. YFP-Slitrk3 clusters colocalized with gephyrin apposed to VGAT correspond to the thresholded YFP-Slitrk3 clusters exhibiting pixel overlap with both thresholded gephyrin clusters and thresholded dilated VGAT clusters.
For neurons transfected with shRNA vectors, CFP-expressing neurons were chosen randomly on the basis of health and expression level. After images were thresholded, synaptic protein puncta were delineated by the perimeter of the transfected or designated neuron. Three regions of dendrites per neuron were randomly selected and the number of synaptic protein puncta per dendrite length was measured. VGAT-positive gephyrin clusters indicate the number of clusters with pixel overlap between the separately thresholded VGAT and gephyrin channels (and similarly for VGLUT1-positive PSD-95 clusters).
For quantitative analysis of brain slices, single-plane images were captured on a Fluoview FV1000 confocal microscope (Olympus) with constant settings using a 60× 1.42 NA oil-immersion objective lens by sequential scan mode with 405-, 488-and 543-nm lasers and custom filter sets. The images were acquired at 12-bit grayscale, 10 µs per pixel, and 1,024 × 1,024 pixels with a pixel size of 0.183 µm and optical thickness of 0.8 µm. We determined region of interest (ROI) using DAPI images. Quantification of GAD65 and VGLUT1 clustering in stratum radiatum was performed in the same ROI. GAD65 and VGLUT1 images were threshold by a constant grayscale value determined as the average of the automatically calculated threshold level of all analyzed images and confirmed visually to select appropriate clusters following a minimal size cut-off. We quantified the total area of all GAD65 or VGLUT1 clusters in each ROI (total area per 1,000 µm 2 ), instead of quantifying the number of those clusters per area because many clusters partly overlapped.
Analysis was performed using Metamorph 6.1, Microsoft Excel and GraphPad Prism 4. The majority of the data had non-normal distribution and non-equal variance, so statistical comparisons were made using Mann-Whitney's U test and Kruskal-Wallis one-way ANOVA with post hoc Dunn's pair-wise multiple comparison test, as indicated in the figure legends. Cumulative distribution was analyzed by Kolmogorov-Smirnov test. All data are reported as the mean ± s.e.m. (s.e.m.) from at least two, mostly three, independent experiments and statistical significance was defined as P < 0.05. 
